This paper presents filtration results for drinking water treatment obtained with a commercial cellulose acetate membrane of 0.45 m pore diameter, with and without TiO 2 coating. The deposition of titanium dioxide thin films onto membrane surface was made by pulsed-frequency d.c. reactive magnetron sputtering at room temperature from a high purity Ti target in Ar/O 2 /N 2 atmosphere, at different conditions for cathode current and for deposition time. The proposed membranes were used in a filtration system driven by gravitation without the requirement of energy supply. The obtained results showed that the proposed system is able to remove color and turbidity from raw water. Besides, the modified membrane presented better results than the neat one regarding to membrane fouling and chlorine removal.
Introduction
The accessibility of safe and suitable drinking water is an important factor to decrease the mortality due to waterborne diseases. The World Health Organization (WHO) related that approximately half of population from developing countries has health problems related to the lack of suitable drinking water access or to the presence of microbiological contamination in water [1] . Diarrhoeal diseases, due to bacterial, viral, and parasitic agents of gastroenteritis and viral hepatitis are the most important groups of water-related infections and are a leading cause of childhood morbidity and mortality [2] .
Nowadays, membrane separation processes have been cited as a suitable process for water treatment, since they can provide an absolute barrier for bacteria and viruses, besides removing turbidity and color [3] . Although the costs of membranes have decreased during the last decade, this technology is not yet broadcasted worldwide, especially for poorest communities [4] .
Most membrane processes requires pumps to promote the trans-membrane pressure, resulting in energy consumption and relative high costs of auxiliary equipments. Alternatively, mem-brane processes can be designed to operate at low pressures with gravity acting to promote the driven-pressure. In addition to concerns over microbial contaminant removals, low-pressure membranes are becoming more attractive due to some other reasons, such as stricter regulatory requirements, operation easiness, minimum staffing requirements, competitive cost and independence of water source quality [5] . On the other hand, this applied low pressure may result in low permeate fluxes. In this way, the process must be properly designed in order to obtain the desired flux, looking for suitable membrane material and configuration.
Huang et al. [6] highlighted that the application of low pressure membrane technologies for water treatment is growing since the beginning of the above decade. Peter-Varbanets et al. [7] listed a few known membrane processes that use gravity as the driven force for water treatment, such as the LifeStraw Family from Vestergaard Frandsen. Vestergaard Fransen S.A. (Lausanne, Switzerland) is a European-based international company that developed a pointof-use system consisting of ultrafiltration capillary membranes that are placed at an elevated level to create a pressure of 100-150 mbar [8] .
Essentially, fouling is a major constraint during separation using membranes. Its occurrence leads to a decline in membrane permeability and can occur either by the deposition of a new layer on the membrane surface (cake filtration) or by intermediate, total, or internal pore blocking, besides mechanisms as spacer clogging and adsorptive fouling. Fouling limits membrane process applications, since frequent cleaning procedures or even membrane substitutions are required, increasing the required costs. Therefore, it is important to study alternatives to reduce fouling and, at the same time, increase permeability and selectivity of commercial membranes.
Chemical membrane modifications, such as by assembling additional compounds in membrane composition, have been proposed to realize high membrane permeability over a prolonged period of time. Addition of TiO 2 particles on membrane structure and surface has been proposed as an effective method to improve membrane antifouling properties [9, 10] . The main interest on TiO 2 is due to its photocatalytic and hydrophilic effects. Wang et al. [11] investigated the application of a proton exchange membrane (Nafion 117) with TiO 2 in a photoelectrocatalytic process to treat textile wastewater, showing that the application of Nafion as a solid electrolyte is a promising alternative for waste treatment. Chin et al. [12] also showed that a low-pressure submerged membrane photocatalytic reactor is an effective way to purify water containing bisphenol-A. Likodimos et al. [13] emphasized the potential of composite membranes with photocatalytic properties for enhancing water quality.
Some different techniques can be applied to entrap TiO 2 in polymeric membrane matrix or to deposit TiO 2 on membrane structure and surface [14] . Most of the proposed processes apply the phase inversion technique to produce hybrid polymeric membrane adding a known amount of TiO 2 in the main solution. This mixture is then precipitated in a solvent solution. An alternative procedure is to dip the neat polymeric membrane into a TiO 2 solution [15] . Rahimpour et al. [10] showed that coating TiO 2 onto membrane surface is a superior method compared to entrapping TiO 2 particles in the membrane matrix. The former option enables higher permeate fluxes and smaller membrane resistances.
An effective way to immobilize TiO 2 on a substrate must be applied in order to minimize the trade-off between the particle recovery and the mass transfer effectiveness. Pulsed magnetron sputtering is widely recognized as an enabling technology, particularly for the deposition of dielectric materials. Marques et al. [16] applied the unbalanced d.c. pulsed reactive magnetron sputtering method to produce titania films. These films developed very good photocatalytic efficiency by degrading a chosen organic pollutant (C.I. Reactive Blue 19) via irradiation with UV-A light. Tavares et al. [17] also suggested the preparation of TiO 2 thin film by unbalanced reactive magnetron sputtering on a polycarbonate support. The obtained composite films showed improved photocatalytic efficiencies.
The aim of this paper is to investigate the separation capability of a conventional cellulose acetate membrane modified with TiO 2 , with respect to permeation water flux and selectivity. The tests were carried out in a low pressure system, proposing a simple module that ensures water quality for human consumption.
Material and methods

Membrane modifications
Flat cellulose acetate microfiltration membranes (pore diameter = 0.45 m, membrane surface area = 3.36 × 10 −3 m 2 ) were purchased from Advantec (Japan). Titanium dioxide films were deposited onto membrane surfaces by the pulsed-frequency d.c. reactive magnetron sputtering method at room temperature as proposed by Tavares et al. [17] . A schematic representation of the reactive magnetron sputtering method is presented in Fig. 1 . The electric field generated by the V dc power supply will ionize the argon (working) gas, accelerating the Ar + ions towards the target and subsequently ejecting the neutral Ti atoms that will react with oxygen and condense on the substrate surface as a thin film of TiO 2 . A high purity Ti target in Ar/O 2 /N 2 atmosphere was applied, varying the cathode current and the deposition time, as shown in Table 1 . Neat membrane is identified as M, while the modified membranes are identified as M01, M02, and M03. Sample rotation speed was fixed at 18 rpm. The sputtering process parameters were chosen as starting values based on previous work performed for the deposition of photocatalytic TiO 2 thin films on glass [18] and PVDF [19] surfaces, using the same sputtering source.
Morphological differences between neat and modified membranes were analyzed using SEM (Scanning Electron Microscopy) technique in a scanning electron microscope FEI (model Nova 200 NanoSEM) at magnification of 10,000×.
Membrane separation system
The proposed membranes were evaluated in filtration system working with gravity to promote the driven force. This system has a main tank with capacity of 20 L to store the water to be filtrated, which supplies the feed tank. Additionally, there is an overflow to keep constant the level of raw water. Feed tank is placed at a particular height from the filtration module corresponding to the required pressure. In this work, tests were carried out at 30397.5 Pa (3.1 m of water column). The flat membrane is fixed at the bottom of the filtration module. Effective membrane surface area is 1.962 × 10 −3 m 2 . Permeate is collected perpendicularly to the membrane area, by means a dead-end operation.
The proposed low-pressure membrane system was evaluated with neat and modified membranes. Five experiments were done independently, without any clean procedure between these steps.
(1) Determination of initial permeate flux of deonized water with a clean membrane. (2) Filtration of deionized water artificially contaminated with Escherichia coli at 1.0 × 10 5 -1.0 × 10 6 CFU/100 mL. (3) Four subsequent filtrations of tap water during 120 min each one, totalizing 480 min of filtration. (4) Second filtration of water artificially contaminated with E. coli, as described in step (2) . This test was carried out to evaluate These steps were chosen in order to analyze the suitability of the proposed process to treat bacteriological contaminated and tap waters and to be used as a household filter.
At the end of each experiment, the filtration module was depressurized, disconnected of the system, and stored with deionized water. This procedure was carried out in order to empty the module and the connected lines for the next filtration with another kind of water. The used membrane was not removed from the module during this procedure.
Water samples and analysis
Two types of water were used in this work: deionized water artificially contaminated with E. coli and tap water from Maringa city (Brazil).
An agar plate diffusion procedure was used to prepare deionized water artificially contaminated with E. coli. A standard culture of E. coli was enriched in a nutrient broth during 20-22 h. A bacterial suspension was prepared from this enriched culture to a turbidity equal to 0.5 of tube #1 in the MacFarland scale using sterile isotonic saline solution. The standardized inocula were spread over the surface of 15 cm Petri dishes containing 6 mm of Mueller-Hinton agar using sterile cotton swabs. After 15 min of pre-diffusion, 15 mg of the prepared sample was placed over the seeded agar plates. The plates were then incubated at 37 • C during 20-22 h and the diameters of the inhibition zones were measured. These assays were done in duplicate.
After the filtration of contaminated water, E. coli removal was evaluated using the membrane filter technique for members of coliform group, as described in Standard Methods for the Examination for Water and Wastewater [20] .
The characteristics of the tap water available at Chemical Engineering Faculty (Maringá-Brazil) are: pH 7.8, color = 4.93 UC, and turbidity = 1.15 NTU. Residual chlorine concentration in this tap water was adjusted to 1.5 mg/L using a solution of 14.0 wt% of sodium hypochlorite.
Removal of color, turbidity, and free chlorine, pH variation, and total volume of filtrated were measured after tap water filtration. Turbidity and color were measured with a Hach 2100N turbidimeter and with a Hach DR-A colorimeter, respectively. Free chlorine residuals were measured using a HACH DR/4000 spectrophotometer.
Membrane resistance analysis
Resistances due to different fouling mechanisms were determined in order to investigate the fouling behavior. Resistances were calculated following the resistance-in-series model adapted from Schafer et al. [21] as presented in Eq. (1):
where Each resistance was experimentally measured in the gravitational system with neat and modified membranes. Membrane hydraulic resistance (R m ) was determined measuring the flux of deionized water through a clean membrane sheet. In this case, the others resistances are equals to zero.
The sum of resistances due to pore blocking and cake formation (R p + R c ) was determined measuring the flux of deionized water with the fouled membrane, i.e. with the membrane that was used for raw water filtrations without clean procedures.
After that, the fouled membrane was gently cleaned with a sponge to remove the cake layer from the surface. Deionized water was then filtered once again through this same membrane sheet to obtain the resistance due to pore blocking (R p ) [22] .
Membrane fouling percentage (%F) was calculated according to Eq. (2), as proposed by Balakrishnan et al. [23] . This percentage represents the drop in deionized water flux after filtration tests with raw water.
where %F is membrane fouling percentage, and J i and J f [kg m −2 s −1 ] are deionized water fluxes in clean and fouled membranes, respectively.
Results and discussions
SEM images
SEM images of all the evaluated membranes are shown in Figs. 2-5 .
SEM images of the membranes M01, M02, and M03 (Figs. 3-5 ) show that there is a deposited material on the membrane surface probably due to the presence of TiO 2 . Similar results were observed by Syafei et al. [24] . Marques et al. [16] also observed that the TiO 2 deposition increases the occurrence of isotropic spherulites.
This deposited material is more evident in Fig. 4 , related to the membrane M02 which was produced at the highest deposition time and at low cathode current. Lee et al. [25] analyzed the effects of pulse frequency and substrate bias on mechanical properties of chromium nitride coatings deposited on silicon wafer substrates by pulsed d.c. magnetron sputtering and observed that the grain size decreases with the increasing of pulse frequency and substrate bias. 
Permeate fluxes
The permeate flux data of deionized water through the clean membranes (step 1 described in Section 2.3) is presented in Fig. 6 . The neat membrane (M) presented higher permeate fluxes, followed by the membranes M03, M01, and M02, indicating that higher deposition times induce lower fluxes. A longer deposition time inevitably induces a rougher membrane surface which may decrease the flux of clean water. Fig. 6 (b) presents the flux behavior of all the proposed membranes regarding to the filtrated volume of deionized water. This figure confirms the superior performance of the neat membrane (M) as a clean sheet to filtrate clean water. Comparing the modified membranes, the membrane M03 filtrated more deionized water than the membranes M01 and M02, at the same filtration time, as presented in Fig. 6(b) . The permeate flux data of deionized water artificially contaminated with E. coli before tap water filtration (step 2 described in Section 2.3) is shown in Fig. 7 .
Results presented in Fig. 7 show that there is a flux decline in the first 10 min of operation for both, modified and neat membranes, probably due to fouling occurrences related to the relative high bacteriological concentration. The flux behavior of the membranes M and M03 was similar during the filtration of water contaminated with E. coli, although the membrane M has presented higher fluxes during the filtration of pure deionized water. This behavior may be associated with the lower pore and cake resistance observed for the membrane M03, as soon as the lower fouling percent. Any way, as shown in Fig. 7 , the stabilized flux was almost the same for the four tested membranes.
The obtained curves for the permeate flux of tap water (step 3 described in Section 2.3) for modified and neat membranes are presented in Fig. 8 .
In this case, a pronounced flux decline is observed during the first 200 min of filtration for the membranes M, M01, and M03. It is important to notice that the initial fluxes for tap water filtration are higher than the last flux observed in the previous step (filtration of water contaminated with E. coli). This occurrence is due to the depressurization of the filtration module and also to its storage with deionized water after the filtration of water contaminated with E. coli. This procedure may have re-suspended the solids deposited onto the membrane surface.
Moreover, discontinuities are observed in the fluxes curves around 120, 240 and 360 min, for all the tested membranes. This behavior occurred because the experiments using tap water were divided into four assays of 120 min (2 h), and part of the material adhered on membrane surface was re-suspended during these pauses between the assays. These pauses were done in order to simulate a real utilization of a household filter.
The membranes M and M01 presented initial tap water fluxes (Fig. 8) quite similar to the fluxes observed with deionized water (Fig. 6) . Contradictorily, during the beginning of the filtration (20 min), the membrane M03 presented higher fluxes with tap water than with deionized water. These initial points are probably related with some experimental dimness due to the destabilization of the system and membrane compression. The stabilized fluxes were taken into consideration for membrane comparisons. According to the obtained results, greater deposition times induces lower permeate fluxes. Fig. 8 shows that the membrane M02 presented the lowest permeate flux, especially at the beginning of the experiment. In this case, the highest deposition time (8 h) probably improved TiO 2 entrapment on the membrane surface, even with a low cathode current (0.35 A). Mansourpanah et al. [26] observed that the modification of polyethersulfone (PES)/polyamide (PI) blend membrane with TiO 2 enhanced Bovin Serum Albumin (BSA) fluxes. Anyway, Mansourpanah et al. [26] also observed that the deposition of TiO 2 at higher percentages decreased the permeate flux. Rahimpour et al. [10] showed that higher TiO 2 concentration in PES membranes decreased the flux of a solution containing milk and water. In fact, membrane material, as well as other factors, can affect overall hydrodynamic conditions, mainly due the chemical interaction between foulants and membrane. Damodar et al. [27] realized that membrane hydrophilicity also depends on how TiO 2 particles were spread over the membrane surface. Fig. 8(b) presents the flux behavior of all the proposed membranes in relation to the filtrated volume of tap water. This figure confirms the superior performance of the modified membrane M03, since it filtrate more tap water in 480 min of operation. Fig. 9 shows the observed fluxes for deionized contaminated with E. coli after tap water filtration (step 4 described in Section 2.3). The observed fluxes are smaller than in the initial test (Fig. 7) , as expected due to fouling occurrences. In this test, the membranes M and M01 presented similar flux results and the fluxes with the membrane M02 are the smallest one. The membrane M03 presented the highest flux behavior probably related to the smaller fouling and cake and pore blockage resistances due to the TiO 2 deposition at smaller time. Fig. 10 presents deionized water fluxes with all the proposed membranes after the second bacteriological assay (step 5 described in Section 2.3). The membrane M03 presented the highest flux behavior for deionized water filtration through the fouled membrane. Even the membrane M02 presented flux values higher than the neat membrane M. These results show that the TiO 2 deposition on acetate cellulose membrane may improve the membrane utilization, since the observed fluxes are higher for the fouled modified membranes. However, the applied deposition time seems to be an important parameter to be optimized, since higher deposition times did not improve the membrane flux behavior. Fig. 10(b) shows that, after its utilization, the membrane M03 was able to filtrate more deionized water than the other tested membranes.
Analyses of membrane resistances and fouling
Fouling percentages calculated by Eq. (2) and membrane resistances calculated following the resistance-in-series model are shown in Table 2 .
Fouling percentage was lower for the modified membranes, especially for the membrane M02. Bae and Tak [15] also observed the fouling mitigation using TiO 2 deposited membranes, though TiO 2 did not play the role of photocatalyst.
Results presented in Table 2 show that the deposition of TiO 2 affected the membrane resistances. The hydraulic membrane resistance (R m ) increased for the membranes modified with TiO 2 , as expected due to the deposition of a new layer onto the membrane surface. Rahimpour et al. [10] also observed that membrane resistance values (R m ) are higher for PES membranes coated with TiO 2 nanoparticles than for the neat one. This increase is more evident for the membrane M02, which was produced at the highest TiO 2 deposition time. Choi et al. [28] showed that an increase in the number of TiO 2 coating layers onto alumina membranes increase the filtration resistance. In general, the membrane M02 presented the smallest flux values. However, as the membrane M02 presented the smallest fouling percent, the flux of deionized water through the fouled M02 membrane is higher than through the membranes M and M01 (Fig. 10) . The membrane M02 also presented the highest value for R p , probably related to the higher deposition time (8 h), producing a membrane with tighter molecular weight cut-off (MWCO).
The membrane M01 presented the smallest value for R p . This behavior is probably associated with the higher applied cathode current. This thermal energy reduces TiO 2 crystalization onto the membrane surface. On the other hand, the value of R c for the membrane M01 is the highest one, showing that the pollutants present in the raw water formed a cake onto the membrane surface, although they have not internally blocked the membrane pore. This behavior contributes to a smaller decrease in the fouling percent related to the neat membrane (M). The membrane M03 present the smallest increase in the R m value related to the neat membrane and a decrease in R p and R c values. Generally, these results show that a smaller deposition time at a smaller cathode current ensures a smaller total membrane resistance. In this way, the antifouling property and long-term flux stability were enhanced using the membrane M03. Damodar et al. [27] also showed that the total resistance (R t ) is lower for the PVDF/TiO 2 membrane.
Impact of purification processes on water quality
Bacterial evaluations showed that membranes impregnated with TiO 2 did not decrease the E. coli removal, and, as expected, all the tested membranes (unmodified and modified) exhibited a bacteriological removal of 100% of the bacterium charge, both at the initial and at the final bacteriological assays (steps 2 and 4 described in Section 2.3).
The obtained pH values during tap water filtration were not substantially affected, as could be expected. During the operation with tap water the three evaluated membranes presented permeate pH values around 8.0.
According to the obtained results, all the tested membranes removed 100% of color during the tests with tap water. Since colorcausing compounds are typically soluble this removal is probably associated with some adsorption process, rather than filtration. Fig. 11 presents the turbidity reduction along the assays of tap water filtration with all the proposed membranes. The neat membrane (M) presented a more pronounced decline in turbidity reduction along the filtration time, from 89 to 62%. The modified membranes (M01 and M02) presented similar turbidity reductions around 76%, while the membrane M03 presented the lowest turbidity reduction, from 33 to 76%, at the beginning and at the end of the filtration, respectively. This low observed turbidity reduction of the membrane M03 is associated with the high flux and the low fouling percent. Since the studied process is a dead-end filtration, with no rejection, all the matter removed from the water must be deposited or incorporated to the membrane, increasing the fouling. In this way, the membrane M03 presented the smallest turbidity reduction and, consequently, the smallest fouling percent. Anyway the obtained turbidity value after the filtration with the membrane M03, ranging from 0.89 to 0.54 NTU, did not exceed the limit established by the WHO (1 NTU) [29] .
Free chlorine removal is an important task for point-of-use filters, in order to remove disinfection byproducts with harmful long-term effects [30] , as well as undesirable chlorine taste. In relation to free chlorine removal, the membranes M02 and M03 presented superior performance, with removal around 100% during all operation time with tap water, as presented in Fig. 12 . The membrane M01 presented a decrease in free chlorine removal to less than 50% after 330 min of operation. The neat membrane (M) presented an inferior performance, around 45% of free chlorine removal after 450 min of operation. These results suggest that the TiO 2 deposition increased the chlorine removal capacity of the modified membranes. Due to the small chlorine particle size, chlorine removal may be related to reaction and/or adsorption processes, rather than filtration.
A longer deposition time inevitably induces a rougher surface, since the membrane substrate is replicated on the first monolayer and gradually increases with film thickness. A higher surface roughness enhances the surface area of the columnar crystalline grains; thus, the contact area between TiO 2 crystals and the pollutant is increased. The membranes M02 and M03 might outperforms the membrane M01 in relation to chlorine removal due to the atomic bombardment and the thermal energy transferred to the growing film, which is enhanced with a lower cathode current. This thermal energy will aid in adatom mobility, which in turn will enhance crystallisation and improve the efficiency of TiO 2 . Additionally, the higher the cathode current the higher the resputtering rate, which can lead to a lesser dense microstructure.
Conclusions
TiO 2 deposition on cellulose acetate membrane by the pulsedfrequency d.c. reactive magnetron sputtering method changed the filtration performance in a low-pressure apparatus for drinking water treatment.
The obtained results showed that TiO 2 deposition on membrane surface improves the water quality, especially in terms of turbidity and chlorine removals. The applied method for TiO 2 deposition is suitable for membrane morphology modification, mitigating the fouling effects, even without using the TiO 2 photocatalytic properties. Moreover, the proposed apparatus, without energy supply, can be considered as an alternative point-of-use treatment of water destined to human consumption.
